Abstract. Respiratory syncytial virus (RSV) is the most common viral respiratory pathogen during infancy world wide. It induces innate and adaptive immune response in host cells. The toll like receptor 4 (TLR4)/CD14 complex is particularly important for the initiation of an innate immune response to RSV. Thus we were interested whether an association exists between severe RSV associated diseases and polymorphisms within TLR4 and CD14. We genotyped the CD14 promotor polymorphism -C159T and the two common TLR4 amino acid variants (D259G, and T359I) in 131 infants with severe RSV associated diseases and 270 controls. Statistical analyses of single polymorphisms made use of the Armitage's trend test, haplotypes were calculated by FAMHAP, FASTEHPLUS and Arlequin. All polymorphisms were in Hardy Weinberg Equilibrium. We found marginal association between amino acid exchange D259G in TLR4 with RSV infection (p = 0.0545). Furthermore, haplotypes analysis of the two TLR4 polymorphisms by three independent programs revealed association of haplotypes with severe RSV infection (p 0.0010). In contrast, the promotor polymorphism within CD14 was not associated with susceptibility to RSV disease. We conclude from our study, that TLR4 polymorphisms, and particularly the haplotypes, may influence the genetic predisposition to severe RSV infection.
Introduction
The innate immune response, or first-line host defense, mainly serves to prevent the infectious challenge during the period required for the development of adaptive immunity. Toll-like receptors (TLRs) play an pivotal role in the innate immune recognition of microbes, mycobacteria and fungi. They are also important for the interplay between the innate and adaptive immune response [1, 2] .
The TLRs, an evolutionary conserved transmembrane receptor group, belong to the interleukin-(IL) 1 superfamily that recognizes pathogen associated molecular patterns [3] . The extracellular domain of the TLRs bares leucine rich repeats, its intracellular do-main contains Toll/IL-1R motifs, which are conserved in all TLRs. Ten different TLR-members have been identified in the human genome so far.
The conserved nature of the TLRs and their role in innate immunity lead to the hypothesis that other infectious pathogens, such as viruses, may also activate the innate immune response via the toll signaling pathway. In addition, it is currently well accepted that the innate immune response is an important component for the immunity to respiratory syncytial virus (RSV) [4] .
RSV, the most common viral respiratory pathogen world wide, is involved in respiratory tract diseases in both infants and children [5] . RSV is a member of the family Paramyxoviridae, existing as an enveloped virus containing a negative sense single stranded RNA genome (ss-RNA virus). The two major surface glycoproteins, which are primarily responsible for the formation of neutralizing antibodies are the fusion protein (F) and the attachment protein (G). The G protein leads to an adaptive immune response, which is dominated by T-Helper cell (TH)-2 and is associated with disease progression. Murine and human in vitro experiments demonstrated that the F protein induces pro-inflammatory cytokines and that this response is dependent on expression of TLR4 and CD14 [6, 7] .
CD14 is expressed as a glycosylphosphatidylinositol-linked membrane protein on macrophages and monocytes and is essential for most responses to lipopolysaccharide (LPS) [8, 9] . Thus it is assumed that CD14 forms a receptor complex with TLR4.
Several studies, including our former studies, showed association of genes involved in the TH2 immune response with severity of RSV bronchiolitis [10] . Other studies demonstrated that polymorphisms in partner genes of the innate immune response, such as surfactant protein A or/and D, are in association with severe RSV bronchiolitis [11] [12] [13] .
Due to the importance of the TLR4/CD14 complex for the initiation of an innate immune response to RSV, we were interested in the relationship between severity of RSV disease and polymorphisms within TLR4 and CD14. We have chosen for our study two common amino acid exchanges in TLR4, D259G (also refered to as Asp299Gly in the literature) and T359I (also refered to as Thr399Ile). The different numbering is due to the signal peptide. In CD14 we studied the promoter polymorphism C-159T. These polymorphisms represent the best investigated polymorphisms within both genes and have repetitively been described in association with different diseases.
Material and methods

Subjects
Population of children with severe RSV
infection The sample population was recruited at the Centre for Pediatrics and Adolescent Medicine of the Freiburg University Hospital; and in the Community Children's hospital, St Josef Hospital, both hospital are located in the city of Freiburg, Germany. Infants and children less than two years of age were eligible for the study if they had been hospitalised and given a final diagnosis of severe RSV infection between September 1998 and March 2005. RSV infection was confirmed if antigen test and/or RSV-specific PCR were positive [14] . The diagnosis of severe RSV infection was given if children had symptoms of small airway disease, such as wheezing and tachypnoe, and needed either supplementary oxygen and/or gavage feeding and/or intravenous fluid due to weakness or tachypnoe. Children with congenital heart defects, known immune deficiency or chromosomal aberrations were excluded. DNA samples were obtained either from peripheral leucocytes after venipuncture or from buccal smears done with steril cotton sticks. In total 131 children were included in the study.
Control population
Two hundred and seventy randomly chosen individuals served as controls (aged 19 to 40 years). They originate from the same area in the South-Western part of Germany. No medical history was taken and no medical testing was performed on controls.
Genotyping
DNA was extracted from peripheral blood leucocytes or buccal smears following standard protocols and column purified (DNA midikit, Qiagen, Hilden, Germany). Genotyping was performed by restriction fragment length polymorphism (RFLP).
In both genes we selected those common polymorphisms, which have been described repetitively in association with different diseases.
CD14-C159T was typed as described previously [15] . TLR4 D259G was typed using the primer pair 5'-GTT TAA ATG TAA TGA AAA CTT GT-3'and 5'-CAA ACA ATT AAA TAA GTC AAT AAG A-3'. After PCR (annealing temp: 50
• C for 1min and 40cy-cles) the product was digested with 1 unit of Dpn II (New England Biolabs, Frankfurt, Germany) at 37
• over night and the fragments resolved on a 4% NuSieve gel.
TLR4 T359I was typed using the primer pair 5' -CTG TAA ATT TGG ACA GTT TC-3' and 5' -AGA TCT AAA TAC TTT AGCCG-3'. After PCR (annealing temp: 50
• C for 1 min and 35 cycles) the product was digested with 2 units of Msp I (New England Biolabs, Frankfurt, Germany) at 37
• C over night and the fragments resolved on a 4% NuSieve gel.
Sequencing
For each polymorphism three controls (homozygous wildtype, heterozygous and homozygous mutation) were sequenced by the dideoxy chain termination method [16] using the Big Dye Terminator cycle sequencing kit on an ABI 310 sequencer (Applied Biosystems, Darmstadt, Germany). All the following studies included these reference individuals. Listed are the positions of the polymorphisms within the genes, the frequency of the wildtype allele and the genotype distribution (in the following order: homozygous wildtype, heterozygous and homozygous mutation) in both populations.
Statistical analysis
An association analysis, based on the case-control design, was performed for each single nucleotide polymorphism (SNP) using Armitage's trend test. This test takes into account the individuals' genotypes rather than just the alleles, following the guidelines given by Sasieni [17] as implemented in the program Finetti (Thomas F. Wienker, unpublished data; http://ihg.gsf.de/cgi-bin/hw/hwa1.pl and http://ihg.gsf.de/linkage/download/finetti.zip). The pvalue for Hardy Weinberg equilibrium (HWE) was calculated for each polymorphism in both populations using also the program Finetti. In addition to analyses based on single polymorphisms, we performed haplotype frequency estimations by using the programs FASTEHPLUS [18] , FAMHAP [19] and Arlequin [20] . The extent of linkage disequilibrium between the polymorphisms has been calculated using the Arlequin program.
FAMHAP and FASTEHPLUS calculate the p-value for the difference of the overall-haplotype distribution between two populations. They implement the Expectation-Maximization (EM) algorithm to estimate the maximum-likelihood haplotype frequencies, and perform a likelihood-ratio test to find out whether they differ between cases and controls. In addition, FAMHAP performs simulations to obtain a p-value which does not rely on asymptotic theory. In order to determine the correct p-value, FAMHAP permutes the disease status of the individuals for each simulated replicate, such that the numbers of cases and controls are the same as in the original sample. In our study we used 100.000 replications. In each replicate the haplotype frequencies are re-estimated by FAMHAP. The p-value equals the fraction of replicates which yield a test statistic greater than or equal to the one obtained for the original sample. Thus this method should result in more accurate p-values than those obtained with asymptotic theory.
Approval
The study was approved by the Ethical Committee of the University of Freiburg. A statement of informed consent was signed by all participants, or in the case of children, signed by their parents.
Results
Genotyping
Two coding polymorphisms within TLR4 and one promotor polymorphism within CD14 were genotyped on 131 children with severe RSV infection and 270 controls. The allelic frequencies of the polymorphisms and the genotype distributions in both populations are shown in Table 1 . The amino acid exchanges in TLR4 (D259G and T359I) were very rare in both populations which is in accordance to the allelic frequencies given in the literature. Table 2 all polymorphisms were in Hardy Weinberg equilibrium in both populations. Thus genotyping errors or population stratification seem to be unlikely. The p-values for association, obtained by the Armitage's trend test, are also listed in Table 2 . Weak association (p = 0.054) was observed between severe RSV infection and the amino acid exchange D259G in TLR4. The other polymorphisms, i.e. T359I in TLR4 and -C159T in CD14 showed no association with the disease.
Association studies
As listed in
Linkage disequilibrium and haplotype analyses
The polymorphisms within TLR4 were in tight linkage disequilibrium as calculated by Arlequine (data not shown). Table 3 shows the haplotype distribution in both populations. Out of the three existing haplotypes, one was markedly over represented in children with severe RSV infection in comparison to controls (frequency of 0.0236 in the RSV population compared to 0.0018 in the control population). The haplotype bearing the wildtype allele for both polymorphisms showed a similar frequency in the RSV and control population. The haplotype distribution differed significantly between both populations as calculated by three independent programmes: Haplotypes were associated with severe RSV infection by p = 0.0010 (FAMHAP), p = 0.0009 (FASTEHPLUS) and p = 0.0010 (Arlequin).
Discussion
The clinical manifestation of RSV infections in infants ranges from no symptoms to severe lower respiratory tract infection, with or without wheezing. It is currently well accepted that individual differences in the immune response explains some of the variation in the severity of RSV bronchiolitis. Thus we focused our study on variants in genes involved in innate immune signaling.
So far only few studies on RSV infection have investigated the heterogeneity of genes involved in immune response in general and in the innate immune response in particular. Löfgren and colleagues found that polymorphisms in surfactant protein A are associated with severe RSV infection [13] . Another study demonstrated a correlation of severe RSV infection with surfactant protein D, which also participates in the innate immune response. In our study, we concentrated on gene variants, which are part of the innate immune response, by investigating two amino acid variants in TLR4, and a promoter polymorphism in CD14. The importance of TLR4 in the response to LPS was firstly described by Poltorak et al., who observed that LPS-hyporesponsive mice have a point mutation in TLR4 [21] . In addition Arbour et al. demonstrated the presence of TLR4 mutations in humans [22] .
In this study, we found weak association of the amino acid exchange D259G in TLR4 with severe RSV infection. The other two investigated polymorphisms showed no association. However, haplotype analyses of the two polymorphisms within TLR4 suggest an influence of these gene variants on the genetic predisposition to RSV disease in our population. The p-values gained by three different haplotype analysing programs (p 0.001) lead to the hypothesis that TLR4 haplotypes might be more important for severe RSV disease than the single polymorphisms.
On the other hand, this result does not necessarily mean that haplotypes of these two polymorphisms confer the demonstrated association between severe RSV infection and TLR4. Several other explanations may exist: it might be possible that the polymorphisms are not directly linked with the immune response to RSV. Instead they might induce another independent pathway, which is important for the immune response in general. Besides, it may be possible that these common TLR4 polymorphisms are in linkage disequilibrium with other polymorphisms or genetic abnormalities in near proximity. However, none of the genes near the TLR4 region on chromosome 9 have been identified to be relevant to RSV bronchiolitis.
The amino acid variants within TLR4 are less common in children with severe RSV infection than in controls. Thus it seems that these variants protect against RSV, whereas the wildtype allele enhances the risk to severe infections. There are some studies reporting parallels to this hypothesis with respect to other diseases. For example one study demonstrated that TLR4 polymorphisms are associated with resistance to Legionnaire's disease -another respiratory tract infection −, whereas individuals with the wildtype alleles have more often infections [23] .
There are only two studies that investigated the effect of TLR4 and CD14 polymorphisms on severe RSV infection. In contrast to the results of our study Inoue et al. did not find association of TLR4 and CD14 with severe RSV in a small population of Japanese children (poster 1537, World allergy congress in Munich, 2005). Tal et al. described association of the same polymorphisms within TLR4 with RSV, whereas the CD14 polymorphism showed no association [24] . Interestingly, Tal et al. found the opposite effect of the polymorphisms, i.e. the wildtype allele being more common in controls. There are two main differences between the study population of Tal et al. and our own investigation which might explain the contrary results: Their population was of Jewish origin and significance was only seen with infants less than 6 months, whereas we used a Caucasian population in an age of less than two years.
When the CD14 promotor polymorphism C-159T was described, it was also found that that children who were homozygous for the wildtype allele had a higher level of soluble CD14 than the children who were homozygous for the mutant allele [25] . Besides, CD14 was already found in association with positive skin prick tests and total IgE levels in different ethnic groups [26, 27] . Considering this and the fact that the TLR4/CD14 complex plays an important role in innate immunity, leads to the hypothesis that this polymorphism could be associated with RSV severity. However, we found no association of severe RSV infection with -C159T. In fact, the polymorphism was nearly equally distributed in both populations.
In conclusion, our results indicate a possible association between common TLR4 amino acid variants and severe RSV disease, and more strongly suggest that certain haplotypes composed of both TLR4 polymorphisms may contribute to determine an individual's genetic predisposition to develop severe disease after RSV infection.
